Development of Metallic Digital Strain Gauges
M etallic resistive strain gauges are widely used in measuring devices for physical quantities such as load, pressure and torque. The gauges are bonded to the surface of the sensing structure at strategic points to obtain an appropriate level of strain. Typically in a load cell the strains at the gauges do not exceed 1500 microstrain at the rated load. With a four-gauge fully active Wheatstone bridge circuit, a nominal output signal is about 3 mV/V of bridge excitation for the maximum level of 1500 microstrain at the full load, based upon a gauge factor of 2. If the bridge excitation voltage is 10 V, which is determined by the gauge resistance, the gauge grid area and the heat-sink characteristics of the load cell material, the maximum output voltage of the bridge at the full load will be about 30 mV. Despite many favourable factors of the metallic resistive strain gauges, the limiting factors are that the output signals are quite low and very often the measurement accuracy is limited by the signal-to-noise ratio. Also the installation of strain gauges is normally labour intensive. Furthermore, to obtain a measurable output signal, the surface strain is usually designed to approach the proportional elastic limit of the sensing structure. For this reason strain-gauges-based load cells can seldom withstand overloads of more than double the rated full range load. Strain gauges have for many years been the primary sensors in the fields of measurement for load, pressure and torque. However, some instrument manufacturers of load, pressure and torque measurement devices have moved away from using resistive strain gauges. Since early 1980's, Shinko Denshi Co. Ltd. has developed metallic resonant tuning fork balance and since early 1990's, Avery Berkel and Weigh-Tronix (now Avery WeighTronix) have developed quartz resonant tuning fork weighing scales, and Druck Ltd has developed silicon resonant pressure sensors. Further commercial developments are taking place to enhance device manufacturability, to enable wireless/batteryless operation of the resonant sensors, and to make measurement on stiff structures at much lower strain levels possible.
A resonant sensor is a device with an element vibrating at resonance of which the resonance frequency is a function of the measurand. The output of a resonant sensor is a quasi-digital frequency signal, which does not require accurate measurement of the amplitude of the analogue voltage signal. The frequency signal is compatible with digital circuitry eliminating the need for analogue-to-digital conversion. The resolution achievable using a resonant sensor is much higher than alternative strain gauge sensors as the frequency can be measured with greater accuracy, for example the resonance frequency of the quartz tuning fork in watches is used as an accurate time base. Resonant sensors also have good long-term stability since the resonance frequency is not dependent on the amplitude of the electrical signals, but rather the mechanical properties of the sensor element. Resonator sensors often have a high mechanical quality factor (Q-factor), which leads to a high sensitivity and low power consumption. Resonant sensors have been made in a wide range of types, sizes and materials 1 . This paper reports upon the development of metallic resonant sensors based on a triple-beam tuning fork structure with thick-film printed piezoelectric elements.
Development
During the last decade, the Brunel Centre for Manufacturing Metrology has developed load cells, pressure sensors and torque transducers employing resonant metallic double-beam and triple-beam tuning forks [2] [3] [4] [5] . The resonator sensors were operated with electromagnetic excitation and optical detection, or piezoelectric excitation and detection. Thin-film piezoelectric elements were deposited onto the metallic tuning fork substrates using sputtering technique for fabrication of the resonant pressure sensors. More recently, screen-printing techniques were applied to deposit thick-film piezoelectric elements onto the metallic tuning fork substrates for fabrication of the resonator sensors [6] [7] .
The thick-film printing deposits relatively thick layers of piezoelectric material (typically between 50 mm and 100 mm in thickness) when compared to the thin-film sputtering (typically deposits material of thickness between 1 mm and 3 mm). The piezoelectric properties of the thick films are also generally improved over the thin film alternatives. Thick films are capable of generating larger actuating forces for driving and larger sensing signals from detection, since the magnitude of the piezoelectric element output depends on the piezoelectric properties of the deposited layer, its thickness and the magnitude of the stress generated by the applied measurand or the voltage applied for driving.
The new thick-film PZT-metallic resonator reported in this paper employs a double-ended triple-beam structure that is inherently dynamically balanced. The central beam is twice as wide as the two outer beams and it moves in anti-phase out-of-plane with the outer beams. In this way the bending moment and the shearing forces at the common joining zone of the three beams at each end are cancelled out, minimising energy dissipation into the supporting structure at the ends of the resonator therefore achieving higher mechanical quality factor (Q factor) in opera-tion. An alternative double-ended double-beam design utilises anti-phase in-plane lateral motion of the two beams to cancel out the bending moment and the shear forces at the beam roots for higher Q factor. The triple-beam structure allows deposition of piezoelectric material along the width direction on the top surface of the beam to generate out-of-plane vibration whilst the double-beam structure normally requires the deposition of the piezoelectric material along the thickness direction on the side of the beam in order to generate lateral in-plane motion (the double-beam tuning forks can also be operated in out-of-plane motion mode if piezoelectric elements are deposited along the width direction on the top surface of the beam but with reduced Q factor 8 ).
Finite element analysis (FEA) has been carried out to model the modal behaviour with stress distribution and eigenfrequencies of the triple-beam resonator. Thick-film piezoelectric elements were printed at each end on the central beam where maximum stresses exist when the central beam moves in anti-phase with the outer beams. Figure 1 (a) shows the new thick-film PZT-metallic triple-beam resonator. The resonator is 15.5 mm long, 7 mm wide and 0.25 mm thick. Figure 1 (b) shows the amplitude-frequency response of the device. According to finite element analysis of the device, the dominant resonance at 6.2 kHz corresponds to the differential mode that the central beam oscillates in anti-phase with the outer beams, the resonance at 2.2 kHz corresponds to the mode that the three beams vibrate in phase, and the resonance at 6.8 kHz corresponds to the harmonic mode that the three beams vibrate in phase. The Q-factor for the favoured differential mode of the device operating in air at 6.2 kHz was measured to be 3100, which is excellent when compared to the Q-factor of 140 for a metallic double-beam tuning fork resonator 8 .
The substrate of the resonators was fabricated from 430S17 stainless steel of thickness 0.5 mm by simultaneous double-sided photochemical etching. The top mask patterned the layout of the resonators and the bottom mask etched in a standoff distance leaving the section of resonator 0.25 mm thick. The layers of dielectric, bottom gold electrode, piezoelectric and top gold electrode were consecutively deposited at the defined regions on the top surface of the resonator using a standard screen-printing technique. The PZT elements were connected in parallel and poled for one hour at 130oC with a voltage of 200 V across the electrodes. The resonator can be bonded to the sensing structure using spot welding or adhesives. Figure 2 (a) shows such a device of an attractive design that incorporates holes at the ends to facilitate mounting by bolts. The resonator is 31 mm long, 7 mm wide and 0.5 mm thick. It was fabricated from the same material 430S17 stainless steel of thickness 0.5 mm using the same double-sided photochemical etching process but with both top and bottom masks to pattern the resonator layout to yield a symmetric profile for the resonator edges. The thick-film PZT elements were screen-printed at each end on the central beam. Figure 2 (b) shows the amplitude-frequency response of the device. According to finite element analysis of the device, the dominant resonance at 6.76 kHz corresponds to the differential mode that the central beam moves in antiphase with the outer beams. The Q-factor measured was 3500. Other resonances in the applied frequency range did not appear due to the effective design of the resonator resulting in the vibration in its most favoured mode.
A feedback electronic circuitry has been designed to operate the resonator in a closed loop to directly give digital frequency output signal. The pickup PZT element was connected to a charge amplifier circuit, followed by a comparator, a phase-locked loop, a phase shifter, and a voltage follower then connected to the drive PZT element. By adjusting the phase shifter to get the right phase relation between the pickup and the drive, the resonator can be maintained at resonance in the required vibration mode. Figure 3 shows the digital frequency output of the resonator from such a closed-loop operation.
The load capacity for the resonator from first design is 100 N with a safety factor greater than 2 and the force sensitivity of the device has been tested to be 13 Hz/N by applying loads directly to the device. Figure 4 shows the force sensitivity of the device for loads up to 49 N with a 15 N pre-tension by the test rig and limited testing conditions 9 . It should be noted that suitable structural mechanisms with appropriate clamping methods such as those used in the commercial tuning fork balance or weighing scales are needed in order to obtain the full potential of the resonator sensor performance. The use of better spring materials to fabricate the resonators is expected to improve the general performance of the sensor.
Applications
The tuning fork resonator sensors can be used in a wide range of applications as seen already in commercial products such as weighing machines and pressure sensors. A prototype load cell employing two new thickfilm PZT-metallic resonators has been designed, fabricated and tested for use in small suspended weighing vessels for batch dispensing. The cell was loaded up to 600 kg, with one tuning fork producing 546.8 Hz of frequency shift and the other tuning fork producing 870.5 Hz of frequency shift. The load distributed to each tuning fork is about 40 N, and the strain level calculated for the load cell is about 200 microstrain. In other words, the rated full load range for the load cell using strain gauges would be 3000 kg to get to the strain level of 1000 microstrain in order to obtain about 30 mV output from the full Wheatstone bridge circuit before further amplification, wherever at 20% of the rated strain level for strain-gauge load cells the tuning fork sensor can give significant frequency-shift output. The new thick-film PZT-metallic resonator sensor can also be used in other applications such as weighing scales and torque wrenches which are currently under development.
Conclusions
Resonant sensing offers many advantages over strain gauge sensing, having direct digital frequency output, high sensitivity, high resolution, better long-term stability and low power consumption. The fabrication of the resonator in metal with mounting holes allows the device to be bolted to the sensing structure directly, which is very beneficial to the production. The use of thick-film screen-printing technique provides batch fabrication capability to deposit piezoelectric elements for driving and sensing the resonator. The resonator can be fabricated in different sizes using different materials to suit different applications. It has been successfully driven wirelessly with a magnetic coupling link at 10 MHz in 1 metre distance and the resonance signal has been successfully transmitted wirelessly using a Radio Frequency (RF) link at 868 MHz. It also offers prospects for batteryless operation in rotating or enclosed sensing applications. 
